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Abstract: Structural health monitoring (SHM) may be applied to bonded composite repairs to enable 
the continuous through-life assessment of structural integrity. Further, adhesively bonded joints are an 
ideal starting point for real-time, in-situ monitoring due to knowledge of mechanisms and locations of 
failure. The development of a SHM technique for the detection of debonding in scarf and overply 
repairs based on the frequency response of the repaired structure is described in this paper. 
Experimental investigations were conducted on representative carbon / epoxy composite scarf and 
overply joints. Piezoelectric elements were used to excite and measure the response of the repaired 
structure. The frequency response signature of the repaired structure with simulated debonds was 
found to differ significantly from that of the undamaged repair for two sets of boundary conditions. This 
demonstrates the potential of this technique for the SHM of scarf repaired composite structures. 
Keywords: adhesive, frequency response, piezoelectric, repair, scarf, structural health monitoring. 
1 Introduction 
Adhesive bonding is ideally suited to joining advanced composite structures. Bonded joints show 
greater fatigue resistance, can sustain higher loads and are lighter than mechanical interfaces [1]. 
Unfortunately, these advantages are often offset by inspection difficulties [2]. Sound process quality 
management alone is unable to predict or prevent bond failure due to aging or poor environmental 
durability [3]. 
A common aerospace application of adhesive bonding is repair. Traditionally, an inability to monitor 
bond condition has forced conservative repair design. For a component to qualify for repair it must be 
able to carry limit load without the patch. A repair can only be used to increase the residual strength of 
a component from above limit load to the design load [4]. The development of a structural health 
monitoring (SHM) technology that is able to provide accurate and reliable information on the integrity 
of a bonded repair in real-time could reduce maintenance effort and may allow the repair of more 
significant damage. 
One of the most widely used and cost effective vibration based non-destructive testing techniques is 
the coin tap test. Unlike the „wheel tap‟ technique applied in the rail industry where the health of a 
large steel wheel is ascertained by tapping anywhere on the wheel and listening to its „ring‟, the coin 
tap test is highly localized [5]. Unless a defect is immediately below the region struck it will not be 
detected by the coin tap test. Fortunately, in the case of a bonded repair, the region requiring 
inspection is small and can be easily identified. An automated coin tap test combined with accurate 
frequency response measurement could potentially form a simple SHM system for bonded repairs and 
joints. It is feasible that a SHM system could be developed using piezoelectric devices to produce and 
monitor precise „taps‟.  
A previous experimental investigation studied the frequency response of carbon/epoxy doubler repairs 
bonded to carbon/epoxy substrates. Piezoelectric devices were used to measure changes in the 
frequency response of the repaired structure due to debonding of the external doubler [6]. The study 
found that natural frequencies reduced by a measurable amount as the size of the debond between 
the substrate and the patch was increased. These encouraging initial results are extended here by the 
experimental application of the technique to scarf repair geometry for two sets of boundary conditions. 
  
2 Methodology 
2.1 Specimen Fabrication 
Specimens were based on a scarf / overply repair scheme and fabricated from Cycom 970/T300 
carbon/epoxy prepreg tape with a quasi-isotropic symmetric stacking sequence of [45 0 -45 90]2s. The 
overply consisted of two pre-cured orthogonal 45° plies of the same material. Each specimen was 
manufactured from a single panel measuring approximately 600mm by 200mm. Once cured, this 
panel was cut into two smaller panels. Scarf edges were then dry ground on alternative edges 
(ensuring fibre alignment) with a CNC router and 12.7mm ballnose diamond tool. Cytec FM 73 
(420gsm), a moderate temperature cure film adhesive, was used to join panels and co-cure overplies. 
Debonding damage was simulated with the inclusion of Airtech A5000 release film between one edge 
of the overply and half the width of the scarf providing a debond of approximately 35mm for the length 
of the scarf, as shown in Figure 1. Specimens were then wet trimmed square (290mm by 290mm) and 
mounting holes drilled with a 9mm laminate drill. 
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Figure 1 Specimens: (a) schematic of debond (b) specimen with PZT devices (right-most not used) 
 
Lead zirconate titanate (PZT) piezoelectric disks of 12.7mm nominal diameter (type 5A4E, thickness 
0.191mm) were obtained from Piezo Systems Inc.. A thin brass ribbon (0.040 mm) was used to create 
an electrically conductive connection with the lower surface of the piezoelectric element. Sensors were 
assembled and bonded to specimens concurrently. Actuating and sensing piezoelectric devices were 
mounted on the inside surface of the structure surface adjacent to the scarf joint 50mm apart. 
Specimen bonding surfaces were degreased with isopropyl alcohol (IPA), abraded with 320 grit 
silicon-carbide paper and then re-cleaned with IPA. Selleys® Araldite® epoxy adhesive was pasted 
onto the specimen then the brass ribbon was then lowered onto the epoxy layer. A small amount 
(droplet approximately 2mm diameter) of conductive ink (Ciruitworks® CW2200MTP) was applied to 
the top of the brass ribbon and the remaining brass coated with epoxy. The PZT disk was gently 
placed over the conductive ink and secured with mylar-type strain gauge tape as the adhesive cured. 
An additional brass ribbon was adhered to the upper surface of the PZT disks with the conductive 
epoxy to form the upper electrical connection. 
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2.2 Experimental Testing 
As careful control of boundary conditions was anticipated, specimens were designed to be mounted 
with bolts to a rigid alloy supporting frame. To achieve free-free boundary conditions specimens were 
suspended by a string from a retort stand. Five tests of both the control and damaged specimen were 
made; each test consisted of ten taps which were averaged to develop a transfer function. For the 
investigation of fixed-fixed boundary conditions specimens were mounted alternatively on the 
mounting frame. A torque wrench was used to achieve a consistent 4N.m of torque. To provide the 
„tap‟ input, electrical impulses of 0.1ms duration (square wave) were applied to the actuator. A PZT 
amplifier was used to drive the actuator with a nominal final peak voltage of 70V. A total of 10 tap 
inputs were recorded at a frequency of 1Hz for each test. 
3 Results 
Transfer functions were generated based on the square wave input signal. Functions for free-free and 
fixed-fixed boundary conditions are presented in Figure 2 and 3 respectively for each of the five tests. 
Each transfer function was averaged from ten recorded taps. 
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Figure 2 Transfer functions for free-free boundary condition case 
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Figure 3 Transfer functions for fixed-fixed boundary condition case 
 
4 Discussion 
The presence of debonding causes changes in frequency response signature over the frequency 
range sampled (up to 10kHz) for both boundary conditions investigated. Clearly, the signature is also 
sensitive to boundary condition variation. The large peaks at a frequency of around 50Hz can be 
attributed to electrical interference from the mains electricity supply by which the test equipment was 
powered. For both cases, the lower portion of the frequency spectrum appears to be the most useful 
from a damage detection perspective as matching corresponding natural frequency peaks between 
the control and damaged specimen in the higher range becomes increasingly difficult. Appropriate 
transfer functions domains are shown in Figure 4 and Figure 5. Correlation is further complicated by 
non-linear damping due to frictional rubbing of de-bonded surfaces which appears to truncate 
frequency peaks. It is anticipated that Finite Element modelling will provide some insight to this 
phenomenon. 
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Figure 4 Applicable domain of transfer function for free-free boundary conditions 
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Figure 5 Applicable domain of transfer function for fixed-fixed boundary conditions 
 
 
Measurable reduction of natural frequencies appears to occur the range of 0 to 5kHz for both 
boundary conditions, as shown in Table 1. It should be noted that frequencies identified in Table 1 do 
not represent sequential natural modes but rather clearly defined peaks potentially suitable for 
damage detection.  As would be expected, the natural frequencies of the damaged specimen were 
lower than that of the control because of the local reduction in joint structural stiffness caused by the 
debond. 
  
Table 1 Natural frequency reduction 
Control Dam aged Control Dam aged
613 594 450 444
994 975 606 588
1725 1594 956 913
2281 2144 1894 1838
4888 4844 2000 1900
2388 2288
3263 3113
Natural Frequency (Hz) Natural Frequency (Hz)
Fixed-FixedFree-Free
 
Further research will include an investigation of signature repeatability and effects of boundary 
conditions. Future analysis could profit from the development of a pattern recognition algorithm 
capable of identifying natural frequency peaks and spread due to damping. Such a code would be 
essential for the development of a robust automated structural health monitoring system; the potential 
for which has been demonstrated here. 
5 Conclusion 
The potential of frequency response techniques for the detection of debonding damage in scarf joints 
with piezoelectric devices has been experimentally demonstrated for two sets of boundary conditions. 
A measurable reduction of a range of natural frequencies due to debonding damage has been 
recorded. This encourages further research to development of a structural health monitoring system 
for bonded composite repairs and joints. Adhesively bonded joints are an ideal starting point for real-
time, in-situ monitoring due to well defined mechanisms and locations of failure. Further, the ability to 
accurately monitor the health of a joint has potential to aid acceptance of adhesively bonded 
aerospace structures.  
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